Optical coherence tomography (OCT) is a nondestructive and contactless method for high-resolution imaging of internal structures within turbid media. Invented in the early 90's [7] , OCT was originally developed for biomedical applications and is nowadays a well established tool for in vivo diagnostics of eye diseases [8] . In the materials sector, the applications range from imaging of subsurface cracks in ceramics or Teflon, to the investigation of thin multi-layer foils, coatings and injection moulded plastic parts [9] . In the subsurface regions of such semi-transparent and translucent media OCT detects microscopic size defects and structures with a spatial resolution in the micrometer range [10] . The penetration depth strongly depends on the attenuation properties of the material (scattering and absorption) in the used wavelength range. OCT uses light in the near-infrared (800-1500 nm) and therefore composites containing conducting fibers (e.g. carbon) or metal components are not suitable for OCT imaging due to their opacity. However, a customized OCT system is easy to operate, usually requires no sample preparation and the measurement head can be designed specially towards the needs of the application, e.g. as a hand-held detector. In addition, this method allows the immediate observation of a specimen and its inner structure during material testing. OCT has lately also shown high potential as a high resolution imaging method for in-situ monitoring during arbitrary mechanical loading of heterogeneous polymer structures [11] . Based on the principle of standard photoelasticity [12] , the so called polarization sensitive (PS-) OCT [13] technique can yield depth resolved polarization patterns. This method was proven to be applicable for the non destructive quantification of internal stress in polymer materials [14, 15] , including dynamic measurements during tensile tests [11] , but shows two major restrictions: First, samples becoming strongly depolarizing under stress will not show any polarization patterns, as it is the case for the specimens presented in this work. Secondly, a PS-OCT setup detects only stress induced birefringence perpendicular to the incident light beam, which leads to a systematic error. A more promising approach is speckle tracking. Since its invention in the 80's [16] , digital image correlation (DIC) in combination with speckle tracking is used to determine the local strain distribution on surfaces during mechanical loading. In order to receive adequate speckles, it is common practice to apply a stochastic color spray pattern on the specimen surface. In contrast, the depth resolved, OCT based method relies on intrinsic speckles inside the real specimen that do not only represent material related information but also noise [17] . In addition, rigid-sample displacement occurring during the testing procedure and several imaging artifacts, like strong reflections at defects, misalignments, or decreasing signal-tonoise ratio over depth, require extended image enhancement. Thus, existing DIC software does not directly work on the recorded OCT images. For this work tensile tests were performed on elastomer particle filled PP polymer test bars. The local strain on the surface was monitored with a stereoscopic full field strain analysis (FFSA) system based on DIC. As complementary method depth resolved measurements with an OCT system followed by advanced data processing were performed and the promising results are presented in the following.
Experimental setup and method
Based on white light interferometry, OCT employs light in the near infrared spectral region [8, 18] . The light coming from the optical source is split into a sample and a reference interferometer arm, with the latter one being terminated by a mirror. The light back reflected from the reference mirror and the different sample structures is then recombined. The so called spectral domain (SD-) OCT uses a broadband light source with the spectrum being detected as a whole by the grating spectrometer, as depicted in Figure 1a ). The lateral (!x) and depth resolution (!z) are independent and limited by the optics and the square of the center wavelength ! c over the source bandwidth (!!) (with !z!(! c ) 2 /(!!)), respectively [19] . Thus, best resolution is achieved for high bandwidth sources centered at shorter wavelengths. On the other hand, the penetration depth is limited by the attenuation properties in the wavelength range used. It was shown that for most polymers measurements applying 1550 nm center wavelength resulted in a more than doubled penetration depth when compared to measurements performed at 800 nm [9] . Thus, the SD-OCT system was equipped with a superluminescence diode centered around 1550 nm and a spectral width of 55 nm (Exalos, Switzerland), as well as an InGaAs line camera for the spectrometer. This results in a depth resolution of 19 µm in air, which corresponds roughly to 13 µm in typical polymer materials with a refractive index n~1.45. The interferometer of the OCT setup was built in a Michelson configuration, as shown in Figure 1a . A galvanometer mirror was used to scan the specimen laterally at a lateral resolution of ~14 µm. Cross sectional images (1000 " 512 pixels) with a sensitivity of 95 dB over depth were acquired at a frame rate of 4 Hz. A customized compact measurement head allowed the integration into the tensile testing machine (TestBench; Bose Inc; Michigan, USA) that is depicted in Figure 1b . The full field strain analysis based on DIC (ARAMIS, GOM Braunschweig, Germany) was performed by the stereoscopic system depicted in Figure 1c . As samples, specimens of elastomeric particle filled polypropylene (PP) were investigated. The size of the specimens was 35 " 10 " 2 mm 3 . Those specimens were cut from an injection molded flat plaque with a bench shear. Under identical testing conditions, the materials were investigated during loading of the tensile machine in situ with DIC and then with the OCT-setup. To achieve a high temporal resolution considering an OCT frame rate of 4 Hz, the tensile tests were performed at a velocity of 0.01 mm/s. The maximum displacement was 6.5 mm. Eight specimens were investigated and in both experiments they all showed necking similar in range and position without fracture, with OCT and FFSA providing comparable results. While the FFSA system surveyed the sample's upper surface in full length (xy-plane in Figure 2a ), the OCT images showed a cross sectional area of 9 mm in length and 3.5 mm in depth (xz-plane in Figure 2a) . Figures 2b and 2c show two consecutive OCT frames of the performed measurements. The sample surface was slightly tilted with respect to the sample lens. Due to galvanometer scanning, a small difference in the optical path length of the travelling rays causes an inherent distortion at the left and the right side of the OCT images. Thus, the sample surface appears bent, although it is straight. The OCT images are analyzed in detail in the results section. Advanced image processing methods were applied to determine the local (dis)similarity between temporally subsequent OCT frames, resulting in a so-called Local Dissimilarity (LD-) map, as shown in Figure 2d . Considering a local neighborhood the value of the dissimilarity between subsequent frames was estimated within the corresponding local regions. By investigating different dissimilarity measures (be referred to [20] ) the Euclidian distance (L2-norm) was chosen here as dissimilarity measure, as depicted in Figure 2d .
Results and discussion
The global stress-strain curves were derived from the linear variable differential transformer (LVDT) integrated in the loading test bench and they showed good agreement during the measurements via the OCT and the FFSA system, as shown in Figure 3a . Four significant states i to iv were chosen for comparison of the results, as presented in Figures 3 and 4. Figure 3b shows the color-coded local strain distribution as detected by the FFSA system over the entire upper surface of the specimen. The panels presented in Figure 4b only show the region of the OCT measurements and have a lateral extension of just 9 mm. The panels presented in Figure 4b correspond therefore to the cross sectional OCT images and the corresponding LD maps shown in Figure 4c In contrast, the OCT image already reveals a change in the material properties: in Figure 4 ic the specimen is still highly translucent showing air inclusions around agglomerated elastomer particles, whereas in the next state Figure 4 iic, the development of a brighter region near the upper surface indicating increasing scattering of the material shows up. This can be attributed to small-scale cavitations between the elastomer particles and the host matrix [20] . The corresponding LD maps in Figures 4 id  and 4 iid show a bright region in the center, reflecting this beginning change in opacity. The remaining darker region, including the air beyond the lower surface, is a measure for the high similarity between consecutive frames, and thus also reflects the high signal-to-noise ratio. In states iii and iv flowing of the material is observed: the FFSA measurement shows the onset of necking in Figure 3 and as magnified detail in Figure 4 iiib and an advanced state in Figures 3 and 4 ivb. The brightness of the specimen in the OCT images 4 iiic and 4 ivc indicates high scattering of the material implying the beginning of matrix crazing and stress whitening. Multiply scattered photons lead to a reduced penetration depth of OCT and so the lower surface is no more visible. The lower half of the OCT image is dominated by noise of random nature, leading to dissimilarity between consecutive frames. This corresponds to the bright regions in the lower half of the LD maps in Figures 4 iiid and 4 ivd. Near the upper surface two regions can clearly be distinguished: an increasing dark area representing a static region within the specimen, and to the right a bright region indicating the flowing of material. These two regions form a border, which can be clearly observed and represents, from the microscopic point of view the interface between the static and the highly dynamic area, For better comparison with the global stress strain curve, a characteristic value representing the whole LD-map was needed. Anyhow, the lower part of the LD-map was not taken into account, since it includes a large area of air under the sample and shows significant noise in case of reduced penetration depth (state iii, iv). Thus, only the upper half of the image was considered as region of interest, as shown in Figure 5a . As characteristic value, we calculated the percentage of the total 'static area' with respect to the total area in the LD-map. A static area is an area of high similarity between consecutive frames and is represented by dark pixels. In contrary, a dynamic area is an area of low similarity between consecutive frames and is represented by bright pixels.
Considering that not only material yielding but also overall elongation, rigid sample movements and noise 'brighten' a pixel, the determination of an appropriate gray level as limit between static and dynamic regions is not trivial. Two alternative grey levels were found suitable for further processing; the first one was chosen near the lower knee of the histogram as shown in Figure 5a . Regions brighter than this level were assumed to be highly dynamic.
Regarding the second gray level, regions darker than this level were assumed to be truly static. For calculation of the characteristic value, pixels with values lower than the respective gray level were summed-up via integration of the histogram (I1, I2), as depicted in Figure 5a . To visualize the continuous development of necking within the sample, the resulting curves, I1 and I2, were compared to the global stress strain curve in Figure 5b : The beginning of the tensile test is dominated by a lack of similarity due to rigid movements of the specimen followed by its overall elongation. Thus, the percentage of the static area remains at its minimum for both variants, I1 and I2. At state i a first significant increase of I1 is observed, reflecting a considerable reduction of the dynamic area, and indicating that the specimen has reached a stable position. I2 does not increase until the formation of a static region within the specimen, indicated by an arrow in Figure 5b. This coincides with the moment when crossing the yield point and marks the beginning of the non-uniform elongation flow.
To illustrate the local development of the overall elongation Figure 5c depicts the strain measured along the white section lines indicated in Figure 3b . For state iv the local strain peaks due to necking. ure 4d. The curves show an increasing slope, which corresponds to a rising non-uniformity in elongation.
Conclusions
As demonstrated in this work, a combined evaluation approach by FFSA and OCT provides novel complementary information and thus represents a promising procedure to investigate in situ dynamic processes occurring inside scattering specimens during tensile tests. In addition to observing the development of micro defects and the progression of structural change, the depth resolved necking front between static and flowing material was detected. OCT is applicable to specimens of arbitrary size, affords no extensive radiation protection in contrast to X-ray computed tomography (CT), and can be customized to be integrated in a testing device. Furthermore, by means of speckle tracking the local distribution of strain can be determined and turns OCT superior to conventional techniques like standard photoelasticity. Consequently, this great potential is now to be exploited through (i) an enhancement of the OCT setup with respect to higher penetration depth and resolution in both space and time, (ii) a systematic collection of measurement data derived simultaneously via OCT and FFSA systems, and (iii) advanced data processing. Beyond the qualitative material characterization given already by the local dissimilarity map, furthermore, an extended data processing is needed for analyzing the OCT-imaged material behavior in a quantitative way. A combined statistical and correlation based multi-scale analysis of the speckle patterns is suggested to distinguish between noise and information carrying speckles and finally to calculate the displacement and strain fields. In addition, information in the LD-maps is found primarily in the characteristics of the local distribution. Thus, a more sophisticated approach than the evaluation of the static area portion is needed to generate a scalar quantity describing the whole LD-map or the stress/ strain map. Finally, advanced data processing can reveal significant processes occurring within the specimen, such as the start and progress of yielding, identification of the yielding point, localization of the necking front and the development of small scale voids as in the case of matrix crazing.
